The results of experiments in which horseradish peroxidase (HRP) was used to mark single trophectoderm or inner cell mass (ICM) cells in situ in mouse blastocysts have led to the proposal that growth of the trophectoderm depends on stem cells located in the inner cell mass. Thus, the finding that the visual centre of clones formed following labelling of the central polar trophectoderm cell in early or expanding blastocysts was consistently shifted towards or into the mural trophectoderm was attributed to their displacement by ICM-derived cells. However, the frequency with which central polar cells were displaced is likely to have been overestimated by using the visual centre of descendant clones as the index of their location. Also, the possibility that displacement of central polar cells was an artefact of the marked temporary interruption of their cycling that resulted from labelling was not discounted. Furthermore, no attempt was made to ascertain whether cells located elsewhere in the polar trophectoderm also moved murally, as expected if there is a general displacement of such cells. In the present study, labelling of either the central or a peripheral polar trophectoderm cell with HRP was achieved without obviously perturbing their subsequent proliferation. Moreover, displacement was assessed by recording the location of the proximal boundary rather than the visual centre of the resulting clones. Even by this conservative criterion, the majority of labelled central cells moved towards or into the mural trophectoderm. In marked contrast, however, labelled peripheral polar cells moved murally in only a minority of cases. The remainder either retained their original position or moved towards rather than away from the central polar region. Such an anisotropic pattern of growth of the polar trophectoderm is not readily explicable in terms of recruitment of cells from the ICM. Rather, it accords with the view that the polar trophectoderm is a proliferative centre, and suggests that movement murally of its surplus cells may be restricted circumferentially, possibly through anchorage of the junctional trophectoderm cells that extend processes over the free surface of the ICM.
Introduction
It is beyond dispute that at least some inner cell mass (ICM) cells retain the ability to form trophectoderm at the early to © European Society for Human Reproducuon and Embryology mid blastocyst stage in the mouse (Handyside, 1978; Hogan and Tilly, 1978a,b; Spindle, 1978; Rossant and Tamura-Lis, 1979; Fleming et al, 1984; Nichols and Gardner, 1984) . What remains contentious is whether this is a latent property of these cells or one they express during normal development. The possibility that the ICM contributes cells to the overlying polar region of the trophectoderm during growth of the blastocyst has been raised repeatedly (e.g. Handyside, 1978; Edirisinghe et al., 1984; Handyside and Hunter, 1986 ), but usually with little supporting evidence. Winkel and Pedersen (1988) proposed more explicitly that growth of the entire trophectoderm, including the mural region surrounding the blastocoelic cavity, depends on stem cells located within the ICM. This proposal is based on the results of experiments in which the growth and deployment of individual cells in the trophectoderm or ICM was investigated by labelling them in situ with horseradish peroxidase (HRP) in blastocysts that were then cultured in vitro for 1-2 days. The first key finding was that clones formed by central polar trophectoderm cells were almost invariably displaced towards or into the mural trophectoderm during subsequent growth of the blastocysts (Cruz and Pedersen, 1985) . The second was that labelled cells were frequently encountered in the polar trophectoderm after an ICM cell had been injected with HRP (Winkel and Pedersen, 1988) . Displacement of polar trophectoderm cells was thus accounted for by insertion into this tissue of cells emerging from the ICM, as illustrated schematically in Figure 1A . The principal difficulty with this proposal is that an ICM contribution to the trophectoderm has been found to be the exception rather than the norm in all other experiments that were designed to detect IL These include several studies in which blastocysts were reconstituted from genetically dissimilar trophectoderm and ICM tissue (Gardner et al, 1973; Papaioannou, 1982; Rossant and Croy, 1985) , and one entailing global labelling of the trophectoderm through endocytosis of fluorescent microspheres (Dyce et al, 1987) . In the latter experiments, one to two non-labelled cells were encountered in a small minority of blastocysts following culture. However, because the label was a particulate one that aggregated markedly following endocytosis (see Figure 2 in Dyce et al, 1987) , the possibility that such exceptional cells resulted from its occasional failure to partition to both daughters during mitosis cannot be neglected. Consistent with this possibility is the finding that a substantial proportion of the unlabelled cells were located in the mural trophectoderm away from its junction with the polar region. It is also noteworthy that a trophectoderm contribution to the ICM was recorded as frequently as an ICM contribution to the trophectoderm (Dyce et al., 1987) In an attempt to reconcile their findings with those obtained In each case the site of the injected cell is indicated by an arrow. The asterisks in B mark the visual centre of clones which was used by Winkel and Pedersen (1988) to record changes in the location of central polar trophectoderm cells. Note that according to this criterion, only the exceptional centra] polar cells that formed clones which were disposed radially symmetrically around the embryonic pole would be recorded as not having been displaced from reconstituted blastocysts, Pedersen and his colleagues suggested that ICM cells may cease to enter the polar trophectoderm by the stage when reconstitution is normally undertaken. In support of this possibility, they cite the unusually high frequency with which cells of the ICM donor genotype were detected in trophoblast in reconstitution experiments employing early blastocysts (Rossant and Croy, 1985) . However, no evidence of an early exodus of ICM cells was obtained in more recent experiments in which a substantial proportion of inner cells of very late morulae/nascent blastocysts were replaced with those of a different genotype (Gardner and Nichols, 1991) . Hence, the very high frequency with which the ICM appeared to contribute to the polar trophectodenn in the HRP-labelling experiments of Winkel and Pedersen (1988) compared with other cell marking experiments has yet to be satisfactorily explained.
A flow of cells from polar to mural trophectoderm during blastocyst growth was first indicated by a comparison of cell numbers and mitotic indices in the two regions (Copp, 1978) , and was subsequently confirmed directly by labelling polar cells (Copp, 1979) . It was attributed to polar cells proliferating at a rate that exceeded the increase in size of this region of the trophectoderm rather than to their suffering net displacement, as Winkel and Pedersen (1988) propose. There are three points regarding the central polar trophectoderm cell labelling experiments (Cruz and Pedersen, 1985; Dyce et al., 1987) that raise further doubts about the validity of the 'displacement' hypothesis ( Figure 1A ). The first, which is evident in both the extensive experiments of Cruz and Pedersen (1985) and m the more limited ones of Dyce et al. (1987) , is that the labelled cells seldom divided during the first 24 h after they had been injected with HRP, arguing that their cycling had been perturbed thereby Hence, as pointed out by Dyce et al. (1987) , the consistent displacement of the central polar cell may have been an experimental artefact resulting from the temporary impairment of its growth relative to that of its uninjected neighbours The second is that both the frequency and extent of displacement of central polar cells are exaggerated by using the visual centre of the resulting labelled clones to map their location (Cruz and Pedersen, 1985) . Only cells which engage in strictly radially symmetrical clonal growth would be recorded thus as not having been displaced ( Figure IB) . The third point of concern is that labelling was restricted to the central polar trophectoderm cell. Comparable labelling data are needed for cells in other locations within the polar trophectoderm before one can make secure deductions about growth of the tissue as a whole.
The present study was undertaken to address the three foregoing points. HRP labelling was achieved without noticeably impairing the growth of the injected cell. The location of Growth of polar trophectodenn the most proximal cell in a clone was used to estimate the displacement of labelled cells, and the results of central versus peripheral polar injections were compared. A complex arusotropic pattern of growth of the polar trophectoderm was revealed thereby which is inconsistent with its proposed dependence on recruitment of cells from the ICM.
Materials and methods

Blastocysts
Mice of the closed-bred albino PO (Pathology, Oxford) strain that were housed under two different daily lighting regimes were used throughout this investigation. One stock was in darkness from 19.00 to 07.00 h (standard lighting) and the other, from 13.00 to 23.00 h (altered lighting). Females that were judged to be in oestrus by external inspection (Champlin et al, 1973) were caged individually with males of proven fertility before the beginning of the dark period, and checked for the presence of a vaginal plug thereafter. Those that had mated were killed during the morning (altered lighting) or the afternoon (standard lighting) of day 4 of pregnancy, counting the day of the plug as day 1. Excised uteri were flushed with modified PB1 medium (Gardner, 1982) supplemented with 109b heat-inactivated fetal calf serum. All recovered blastocysts were rinsed in a fresh aliquot of this medium which was also used for maintaining them m vitro both before and during HRP labelling Ionophoresis For labelling, early or expanding blastocysts were placed individually in hanging drops in Puliv (Leitz, Luton, UK) chambers, either directly, or following removal of the zona pellucida with acidified Tyrode's saline (Nichols and Gardner, 1984) . The only way in which zona-free blastocysts differed from zona-enclosed was in showing conspicuous thickening of the abembryonic mural trophectoderm at an earlier stage in post-operative culture. A Leitz micromanipulator assembly was used to control immobilization of the blastocysts and the penetration of trophectoderm cells with a microelectrode. The set-up was essentially as described in Gardner et al. (1992) , except the holding pipette was mounted on the left Leitz manipulator unit in place of a blunt probe. Preparatton of holding pipettes, microelectrodes, and indifferent electrodes, and the condiUons used for lonophoretic injection were also as described (Gardner et al, 1992) . Blastocysts were observed by differential interference contrast microscopy at a magnification of X400 throughout manipulation. One obvious difference from past pracUce (Cruz and Pedersen, 1985; Dyce et al., 1987) was the use of 4% (w/v) Boehnnger Grad 1 HRP dissolved in 0.1 M KC1 instead of 2.5% Sigma Type VI dissolved in 0.05 M KC1 Another was that no fluorochrome was co-injected with the enzyme While making it harder to ascertain when labelling was successful, and impossible to distinguish cases where the label spread to an uninjected sister cell, this did ensure that any detrimental effect on the labelled cells of exposing them to fluorescence was avoided The trophectoderm was penetrated only once per blastocyst, the microelectrode being inserted into either the central polar cell or into a cell that was judged to be at the periphery of, but wholly within, the polar region Culture and staining for HRP activity For subsequent culture, blastocysts were placed in drops of alpha medium (Stanners et al, 1971) supplemented with 10% heatinactivated fetal calf serum. For ca. 1 day cultures, the drops were placed on the floor of 60 mm plasuc bacteriological dishes and overlaid with light paraffin oil, whilst for ca. 2 day cultures, oil-free hanging drops were prepared and humidified as described by Cruz and Pedersen (1985) Blastocysts were either placed in such hanging drops at the onset of culture or transferred to them from floor drops approximately 1 day thereafter.
At the end of the culture period, blastocysts were nnsed in phosphate-buffered saline (PBS) and then fixed briefly in dilute glutaraldehyde (Gardner et al, 1992) before being stained for HRP activity for up to 20 min as described elsewhere (Beddington and Lawson, 1990) .
Following staining, blastocysts were transferred to hanging drops of PBS in Puliv chambers so that they could be rotated with a blunt glass probe held on a Leitz manipulator for scoring and photographing the distribution of labelled cells. Labelled central polar cells were scored as having retained their location (=R) if one of their clonal descendants continued to occupy the centre of the polar region (see Figure IB ) Otherwise, they were scored as having been displaced towards the abembryonic pole (=D + ). Labelled peripheral cells were scored as R if their most proximal clonal descendant remained at the periphery of the polar trophectoderm. They were scored D + if their most proximal clonal descendant lay closer to the abembryonic pole, and ET if it lay closer to the embryonic pole ( Figure 1C )
Results
The proportion of blastocysts that were scorable following culture varied between series and, whilst it was generally higher for the central than the peripheral cell injections (Table  I) , the difference was not significant. Complete absence of positive cells, either viable or degenerating, presumably due to failure of ionophoretic injection, accounted for most of the unscorables. The remainder exhibited generalized staining, degeneration of the labelled cell, or such poor development in culture that definition of the ICM and consequent delimitation of the polar trophectoderm was not possible. The following points are evident from Table I regarding the scorable specimens. First, even if all cases of only two labelled cells are attributed to spread of label rather than to mitosis, lack of division of injected cells during the first day of culture was the exception rather than the norm. During this interval, some labelled cells evidently completed at least two further cycles in addition to the one they were in at the time of labelling. Nevertheless, even when the more rigorous criterion of the position of the most proximal cell of a clone rather than its visual centre is applied, some displacement of labelled central cells was found to have occurred in over two thirds of cases. Continued proliferation of both central and peripheral cells during the second day of culture is evident from the approximate doubling in the mean number of labelled cells recorded in blastocysts that were fixed and stained between 39-50 h.
The most interesting point, however, is that displacement in the D + (mural) direction occurred less frequently with peripheral than with central polar cell clones. For ca. 1 day cultures the difference is highly significant (see footnote to Table I ). While the trend is the same for the ca. 2 day cultures, the difference is no longer significant, suggesting that more peripheral cell clones also tend to move distally at a later stage. Particularly noteworthy is the finding that rather than simply maintaining their ancestral position, a substantial proportion of peripheral clones had actually shifted towards or even into the central polar region during the first day of (74) 45 (70) 51 (58) 12 (63) culture. Representative clones from peripheral versus central injections are shown in Figures 2 and 3 . Intnguingly, both types of clones were not infrequently elongated in a direction that was more nearly orthogonal than parallel to the embryonicabembryonic axis of the blastocyst, particularly when most or all of their cells lay in the proximal mural trophectodenn (see Figure 3C and D). They were, furthermore, not always coherent ( Figure 3C -F).
Discussion
Typically, cells occupying the centre of the polar trophectodenn in early and expanding blastocysts were found to have been displaced murally during subsequent development, notwithstanding use of the proximal boundary rather than the visual centre of the resulting clones as the index of their location. Because this was true even though the proliferation of injected cells was not obviously disturbed, their displacement is unlikely to be an artefact of labelling. The improved clonal growth observed in the present study may be due to the use of Boehringer Grad 1 HRP rather than the Sigma Type VI preparation used by both Cruz and Pedersen (1985) and Dyce et al. (1987) . When employed to label the visceral endoderm of early postimplantation conceptuses via maternal intraperitoneal injection, the Sigma preparation differed from the Boehnnger in frequently inducing the resorption of entire litters (RX. Gardner and T.J. Davies, unpublished observations). Because the area of the trophectodenn that is in contact with the ICM does not change appreciably during blastocyst growth and the accompanying expansion of the blastocoele, the size of the polar region decreases progressively relative to the mural. Given that there is also a gradual restriction of proliferation to trophectoderm cells that retain contact with the ICM, a net flow of cells from the polar to mural trophectoderm is to be expected. However, the mural trophectoderm does not overtake the polar in cell number until about the 64-cell stage and the steady decline in its mitotic index is not apparent until somewhat later (Copp, 1978) . Evidently, therefore, growth of the blastocyst is well advanced before net movement of cells from the polar to the mural trophectoderm begins.
If the displacement of the central cell was due simply to radially symmetrical movement of all polar cells in a mural 1982 direction, as depicted diagrammatically in Figure 1A , then the clonal descendants of peripheral cells should have moved towards the abembryonic pole with a similar frequency. The unexpected finding that in the majority of cases the proximal boundary of such clones had either retained its position or moved towards rather than away from the embryonic pole is clearly incompatible with such a scheme. Moreover, neither central nor peripheral cell clones showed the strong alignment with the embryonic-abembryonic axis of the blastocyst that would be expected if the enure polar trophectoderm was being displaced murally. This was not only evident in the present study (e.g. Figure 3 C-F), but is also illustrated very clearly in Figure 12 of Cruz and Pedersen (1985) .
Relative movement between the ICM and the overlying trophectoderm would afford one explanation for the difference in deployment of clones formed from central versus peripheral polar cells ( Figure 4A ). However, this seems most unlikely in view of the way that processes from junctional trophectoderm cells extend over much of the blastocoelic surface of the ICM until the late blastocyst stage (Fleming et al, 1984) . Furthermore, the ICM showed little or no shift towards the abembryonic pole either in vivo or in vitro after labelling of the latter in early or expanding blastocysts (Gardner, 1975 (Gardner, , 1977 Cruz and Pedersen, 1985) . Moreover, second ICMs that were transplanted abembryonically remained opposite resident ones in expanding blastocysts that had developed in utero for approximately 24 h following manipulation (Gardner, 1977, and unpublished observations) . Hence, displacement of trophectoderm cells relative to the ICM during growth of the blastocyst would seem to be a consequence of their proliferation rather than gross movement of the latter tissue. Evidently, therefore, movement of cells during growth of the polar trophectoderm is more complex than envisaged by Winkel and Pedersen (1988) , and is certainly not compatible with the recruitment from the ICM on the scale that these workers propose. Rather, the present findings further strengthen the case that trophectoderm and ICM cells form entirely discrete lineages from the stage of blastulation during normal development Any scheme for growth of the polar trophectoderm has to accommodate the following points that have emerged from clonal analysis, (i) Central cells usually move murally as the blastocyst grows.
Growth of polar trophectoderm (li) Peripheral cells move as frequently towards the embryonic pole as away from it, and often retain their original location. (lii) The long axis of both central and peripheral cell clones is often more nearly perpendicular than parallel to the embryonic-abembryonic axis of the blastocysL These findings could be accounted for readily if movement of cells from the polar to the mural trophectoderm were restricted circumferentially to a limited part of the junction between the two regions. Restriction of movement could be due to the processes that junctional trophectoderm cells extend over much of the blastocoehc surface of the ICM until the Scheme for polar trophectoderm growth based on the assumption that the passage of cells into the mural region is restricted circumferentially. The blastocyst is viewed from the embryonic pole on the left and from the side on the right Junctional trophectoderm cells that extend processes across the blastocoelic surface of the ICM are shown in dark grey, and are assumed not to encircle the polar trophectoderm completely It is postulated that anchorage of junctional cells to the ICM prevents net displacement of clones which include them, thereby greatly impeding egress of cells from the polar trophectoderm where they are present Hence, when the rate of cell proliferation in the polar trophectoderm exceeds that in mural tissue, most of the surplus polar cells move murally at the site that is devoid of anchored junctional cells The cells would be expected to spread laterally once they have passed through such a bottleneck, thus explaining why clones not infrequently have their greatest diameter orthogonal rather than parallel to the Emb-Abemb axis of the blastocyst late blastocyst stage, and which may adhere tenaciously to the latter (Fleming et ai, 1984) . Although junctional cells withdraw these processes when they divide (Fleming et ai, 1984) , it is not clear that they relinquish attachment to the ICM and thus become free to move into the mural region. Were such attachments to endure, early junctional cells would have one descendant that was anchored in the junctional region. This would have the effect of restricting egress of surplus polar cells to any part of the junctional region that did not form processes and therefore lacked endunng contact with the ICM The resulting focal polar to mural displacement of cells might be expected to generate inequities in growth that were corrected by lateral spreading of clones once they had entered the mural trophectoderm (see Figure 4B ). An interesting question is whether anisotropic growth of the polar trophectoderm might either account for, or be a consequence of, the assumption of bilateral symmetry by the blastocyst (Smith, 1980 (Smith, , 1985 Gardner, 1990 Gardner, , 1996 .
